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ABGTRACT

Experimental heat transfer studies were conducted on full scale
ribbons of flat circular type parachutes having a geomctric porosily of
20.5 percent. A pressurized subsonic wind tunnel scrved as the flow
facility. The average approach flow velocity was 134 feet per seccond-
The measuremenls were made in the Reynolds number range of one million
to ten million, where the Reynolds number is based on the ribbon width
of 2.1 inches and on the velocity and temperature of the flow in the
slots belween the ribbons. The pressure ratio applied to the ribbon
was varied from 1.4 to 26.3. Using a transient energy balance, local
and average heat transfer data werc obltained and compared with available

analyses.
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NOMENCLATURE

A convective heal Lranslor aron, e
a speed of sound, f1/scc
“p speeilic heat, BLu/lbm - °n
b width of parachutc ribbon, 'slat" , 1t
H O

h convective heat transfer cocificient, HLu/hr—sz - R
K thermal conductivity, Btu/hr-rt-°R
M Mach number
Nu b Nusselt number based on stagnoation conditions

ko
Nuw X Nusselt number based on wall conditions

Ky
p absolute stalic pressure, lbf/inz
q rate of heat trunsfer per unit urea, Btu/hr--i‘t2
X distance along ribbon from stagnation point, i't.
RQ* = r’ajp Reynolds number based on slat widih and wcondce condilions

b e in the slot

N, Usx

Re, = w8
Hay

R slat half width, ft
T temperatures, % or °R
Tow recovery temporature, °F or °R
t thickness, 1t
1% extornal flow velocity outside boundary layer, fi/sce
U undisturbed velocity approaching model, ft/sce
N density, lbm/ft’
t time, hr

ﬁupersuriphs
denotes sonic conditions calculated from the measured stapnation
&

conditions, assuming an isenlropic cxpinsion to sonle velocily

veveral symbols delined in the Lext nnd uscod b bae o 0b o0
ineluded e Lhis 1ist,
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NOMENCLATURE: (conl'd)

subseripby

denotes adiabatic wall condilions, qy O

average value

conditions based on slat width b

denotes conditions downstream of riblon

denotes undisturbed conditions upstream of model

denotes conditions at the downstream stagnation point of the
ribbon

relers to ribbon material

denotes stagnation conditions, also condition in settling
chamber before wind tunnel contraction

denotes conditions at the stagnation point
denotes locnl conditions at the surface of the test ribbon

denotes conditions at edge of boundary layer

12




I. INTRODUCTION

A growing interest in the use of parachutes for aerospace-vehicle.

recovery operations has directed attention to the aerodynamic heat
transfer problems involved when high speed aerodynamic decelerators

are employed. A variety of retardation devices have been proposed which
satisfy such dynamic design requirements as filling time, opening shock,
drag establishment and control and stability. However, as the flight

Mach number is increased, a common problem, aerodynamic heating, is
encountered. At the present time, there exists neither a fully predictive
theory nor sufficient experimental data to permit reliable calculations

of the heat rates involved in the several deceleration schemes (1).

In general, aerodynamic decelerators must possess a large drag-to-
~

weight ratio and must be capable of being stored in a small volume.
Therefore, most proposed drag producing dey;ces are relatively thin and
flexible. In addition, dymamic stability requires venting or porosity.
As a result, most retardation techniques employ porous surfaces involving
highitemperature plastic, glass, or wire mesh cloth in conjunction with
other venting techniques. The heat :ransfer to these elements of mesh is
a common problem in parachute performance calculations. Alternately,
experimental heat transfer data must be applied to a variety of situations.

The flow field associated with a parachute results from the inter-
action of the large-scale phenomena enveloping the complete body and the
small-scale processes associated with the local flow about a single element

in the mesh material itself. The large scale phenomena, (parachute shape

and size, velocity, altitude) which vary with the particular design, are

Numbers encloszi by bhrackets refer to references.

1



generally invelved with the acrodynamnics of the problem and contribute
end or boundary conditions (pressure ratio, Reynolds mumber) to the
small-seade phenomena.,

fi, Jarge ocale Phenomend

The range of interesls in the present study consists of altitudes
from sea level up to 200,000 feet and flight Mach numbers ranging from
2 to 5. M concave hemisphere canopy is a typical shape considerced for
supersonic operations althcugh specificalion of the exact geometry is
not necessary. In previous work (2}, it was fell that a good starling
point for study of the large-scale phenomena was the simple concave
hemisphere. This provides a flow amenable to analysis and experiment.
The experimental results of Reference (3) indicate thot at angular loca-
tions up to 7. degrees from the stagnation point, the static pressure
on the upstream surface of the concave hemisphere 1s equal to the total
pressure. This means that there is practically no I'low near and parallel
to the surfuace of the hemisphere except neor the edge. 0Of course, in
supersonic flow, @ normil shock would stand ahead of the hewisphere and
this would produce a completely subsonic flow regime inside of the concave
hemispherce.  In the absence of any chute porosity, the pressure on the
upstream side of the chute is closcly approximated by the totnl pressure
behind the normal shock. In determining lhe pressure on the rearward
(downstream) face of the chule, we are lod Lo o base preossure phenomena
described by Ho H. Korst (/).

The discussion in the previous paragraph illustrates a technigue
for computing the pressurcs and hence the pressure ratio across a chute
wilh no poreosity. The analysis for the base pressure problem has been

exbowdied Lo the case of flow Lhrough the chule with small momcutum only.




Since this last condition is rarely meb in the case of practical parachule
configurations, the pressurc ratio across the chute openings must be
found from experiment.

B. &mall Scale Phenomeni

A high temperature, high density flow is produced inside Lhe canopy.
This flow passes through the individual openings of the mesh. leat is
transierred from the hot gascs to the mesh elements.  Thercefore, il is
the distribution of heat rlux to the suploces of a mesh clement which Ly
ol primary importance. ‘The element s bounded on cach side by an openinyg
(slot) through which the oncoming Llow passes. The typical ribbon (slat)
may be considered as a flat plate aligned normal Lo Lhe flow. The
approaching flow may or may nol separate upstream of the ribbon. This
process has not been clearly defined. The Llow passing through the slots
exhibits properties which depend upon the overall applied pressurc ratio.
In most tlight applications, the applied pressure ratio will be such
that the flow in the slot may be considered as a sonic flow. Additional
cnergy is available for further cxpansion of the slrecam as it cmerges
from the slob such that localized regions of supersonic flow will occur
downstream of the slot. Between the supcrsonic jebs emerging from the
slot. and the rearward [acing wall of the ribbon, two regions are found.
The first is a conventional free~shear loyer in which bthe streamwise
component of weloeity diminishes from the value found in the jet to n near-
zero condilion. Adjacent to Lhe shear layer there exists a small region
of reverse [low. There is a circulallng vortbex in this region. The local
pressure in the separation bubble is delermined by the local base pressure
phenomena (the flow issuing {rom the slolb)e  The mean near-wake pressurc
which exists further downolream is debermined by the pross geomolry and

the freestreqn Mach nuiber.  Thoese Lwo presswroes are probably not cqual.
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Therelore, frther recompression exists downslream of the jebs issuing
from the individual slots. The local base pressurce behind an individual
ribbon is therefore determined by the slot pressure ratio and Lhe recom-
pression process in the shear layers.

The distribution of heat flux over the surface of a single ribbon is
ol primary importance. A model. which applies to the general heal exchange
process between the shear layers and the rearward facing wall of the ribbon
has been proposed by Korsl (4) and Chapman (5). Related experiments are
discussed in References (6) and (7).

Considering a single ribbon in the absence of adjacent ribbons, the
heat flux increases from the "apparent" stagnation point value (at the
center of the ribbon) to higher values toward the outer edge of the ribbon,
according to lominar analysis. Experimental evidence (#) covering the
Porward face of such a ribbon confirms this distribution of heat flux and
in addition, the variation of heat flux with pressurc level (for a fixed
velocity gradient). When several ribbons arc grouped Logether in a manncr
similating a ribbon parachutc, the heal flux distribution on the fronl-
facing surface of a typical ribbon it influenced by the presence of the
adjacent ribbons (2). The heat [lux also increases at locations away from
the stiagnation point but at a rate somewhat faster than a single ribbon.
The increased heat flux ncur the edge of the ribbon appears to be due to
a diminution in the thickness of the viscous layer adjacent to the ribbon
slot. This diminution is produced by the inlberaclion of the slol [low
with the ribbon boundary layer.

Recent cxperiments (6,'7) surmest that adjacent to the separation
bubble, o Taminar, boundary-layer-like flow exisla along the rear surface

and this serves ay the major barrier to the exchange off enerpy between
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the freestream and the surface. In Lhe casc of a flat plate aligned
normal to the flow, this thin film exhibits lLhe properties cf a
stagnation-point boundary layer of the laminar type. The heat transfer
processes along Lhe forward and rearward I'aces of the ribbon appear to
be governed by a similar mcchanism.

Ixperimentally (7), the magnitude of the heat fluxes to the forward
face are found to be considerably larger than those of the rearward facc.
This is primarily duc to the significant diffTerence in pressurc level
which ocecurs between the front and rear surfaces. The specific valuec of
the ratio of hueal [luxes on Lhe forward and rearward surfaces varies with
the freestream unit Reynolds number since base pressurc phenomena depend
on the character of the shear layer (laminar, tronsitional or turbulent).

The greatest source of uncertainty in cngincering calculations of
the energy exchange process to the mesh clements lies in the determination
ol the convective heat flux as characlerized by a heal transi'er parameler
Nu. In the present instance the heal transfer parameter is a funcltion of
Ileynolds number, Re*, and Lhe pressure ratio across the ribbon, 11/12' The
inter-relationships betweoen Nu, Re%, and li/lé arce sufficiently complex
that they must be determined cxperimentally. 1L i convenient bto define
2 Reynolds number based on Lhe velocily nnd flow propertics in the sonic

orifice and the slat width

1{0 I:- = ()-“ a " I ) ( I )
b T

In the £light case the static temperature Ta) and pressure Doy 1120

determined by the Ilight altitude. A Lotal proessure Po and Lemporature

M . , . .
[o are debtermined once the Ilighl Moch mmber is prescribed.  Sinee Lhe how




shock s acsumed Lo be normal, the Lolal pressurce behind the normal shock
pé (inside of the canopy) is dcetermined from b, and Moo'ﬂ The botal
density, behind the bow shock, ls computed [rom pgs To and “the bropor

cquation of state. Finally, the sonic densily and speed are delermined

A
3

from an isentropic expanison from pé, To’ Lo p" and T . The superscripls

24
W

refers Lo the slot condition where o sonice speed exists for supereritical

pressure ratdos.  The viscosity n” is a known funclion of the temperature

Y

IJ:I‘
The heat transfer paramceter Nu is basod on Lhe slLapnation conditions

ol the approaching flow and rclates the wall heat flux to Lhe difference

2l

between the wall temperature 1, and the adiabatic wall temperaturc T,

D
e Bt D @
o aw T Tw o)

Notiece that ko is the thermal conductivity of Lhe air al the stagnation
temperature,

1T BXPERIMENTAL 8QUIUMENT AND PROCEDURLD

Ay Faedlity

The experimental facility used in Lhe present ecxperiments appears in
the phobopraph of the experimental sctup, Flgure 2, and is also skeblcehed
in Fignre 3. This Lacility is Jocated al the Univerusiby of Minncsotal's
Rogemount ltesearch Center.  TPrior Lo medification, the wind tunncl wus a
convenl ionad blowdown supersonic windlumncel (v). The ¢ x 12-inch supersonic
windtunnel was modificd by roemoving Lhoe suporsonic noszzle blocks qnd fabri-

cating » now 6 x #-inch subsonic lest section. A quick-aclting Dedurik valve

-1
The present experimental procedure is Lo sinulate the anbuonde low corxdi-

Lion:s behind Lhe bow shoek.  The total pressurc behind the normad shiock i
properly sindaboed by the windbunnel stagnation preseure (see Seelion TiA)

0y




was installed in the 6é-inch inlet pipe. The opening time of this valve
is slightly less than one second, which is of importance when transient
heat transfer measurements are made. A series of five perforated plates
were placed at ll-inch intervals inside the 18-inch diameter stilling
chamber and a l6~-mesh screen was inserted between the flanges at the
downstream end of this chamber to even out the flow. The plates and
screen had a porosity of about 54 percent. Tests reported by Baines and
Peterson (10) indicated that this is an[optimum porosity for flattening
out non-uniform velocity profiles.

A short round-to-rectangular contraction with an area ratio of 3.2
followed the stilling chamber, and the supersonic nozzle blocks normally
were installed immediately downstream. The®e blocks were replaced by a
pair of two-dimensional subsonic contraction blocks with a contraction
ratio of 1.5. The contraction contours (cubical arcs) were determined
from the data given by Rouse and Hasson (11) on a cavitation prevention
basis. The second contraction provided an additional acceleration of
the flow to 134 feet per second. It also served the purpose of reducing
thé nozzle boundary layer thickness.

The ccmpressed air system consists of two high-pressure compressors,
air storage tanks, a dryer, and associated valving and piping. One com-
pressor is a two-stage unit, rated at 250 cfm at 600 psig and powered by
a 100 h.p. electric motor. The other is a three-stage compressor, rated
at 195 cfm at 1500 psig, and driven by a 50 h.p. electric motor. The
compressors pressurize a storage volume of 1460 cubic feet to 250 psia
(18 atmospheres). The air is dried to a dew point of -L0OF prior to

storage.



Downstream of the test section the air may be exhausted either to
the atmosphere nr to multiple vacuum tanks whose total capacity is
22,750 cubic feet. The vacuum system was not used for these studies.
Only atmospheric exhaust was employed.

B. The Experimental Model

The test model was mounted two nozzle heights downstream of the
nozzlé tangency point (see Figure 3). The model consisted of three
slats - each 2.l-inches high, 6~inches wide and 0.312-inch thick (see
Figures 4 and 5). The slats were mounted in such a way that they
resemble the array of ribbons in a ribbon parachute. A single ribbon
spacing of 0.537-inch was used. This applies to the two center slots.
The outer two slots were 0.337~inch. This value was obtained by selecting

a half-slot height plus a nozzle displacemen®d thickness correction. A

)

single geometric porosity (open-to-total area) of 20.5 percent was examinede.
This porosity was selected since it closely matched the design throat size
of the tunnel when operated supersonically; i.e., design subsonic and super-
sonic mass flows were identical.

At the maximum upstream pressure, the aerodynamic loading was
approximately 200 pounds per square inch - or a total loading per slat of
approximately one ton. The test slats had to be quite husky to withstand
this loading. The three slats were cantilevered from aluminum "windows"
on each end as may be observed in Figure L. Optical windows were embedded
in the aluminum windows for shadowgraph/schlieren observations of the slot

and shear layer flows. Structural and packaging problems limited the field

Geometric porosity was systematically varied in Reference (2) from 20
percent to 84 percent. Porosity was demonstrated to be an unimportant
parameter in determining the heat transfer processes in a subsonic
ribbon parachute. This conclusion is undoubtedly still true in super-
sonic flow as long as the shock remains ahead of the entire parachute
entrance.



of view to a L~inch diameter circle located slightly downstream of the
center slat. Two views of the ribbon parachute model, as installed in
the wind tunnel, are shown as Figures 4a and 4Lb. Certain instrumenta-
tion details are also visible in these Figures although the reader is
referred to Figure 5 for additional construction and instrumentation
details.

For structural reasons, only one side of the ribbon was instrumented.
The ribbon orientation was fully reversible. The basic structure of the
ribbon was a solid bar of type 304 stainless steel. Chambers or compart-
ments were milled in the bar to accept the instrumentation leads and to
provide an air gap element of insulation between the forward and rearward-
facing surfaces of the ribbons. A removable constant-thickness, stainless~
steel, instrumentation~plate was screwed and ;otted to the main load
bearing structure.

Eleven, 36~gauge, calibrated iron—consiantan thermocouples were
cemented at regular intervals in small holes drilled in the internal face
of the instrumentation plate (see Figure 5). A minimum quantity of copper
oxide cement was used in the installation. Small rectangular grooves,
0.025~inch deep and 0.040-inch wide, were milled in the stainless steel
instrumentation plate. These grooves were filled with Resiweld epoxy
cement and the epoxy was shaved flush. Two additional grooves, visible
in Figure 4, were provided on the exposed face of the instrumentation
plate. These grooves blocked the conductive heat flux by reducing the
effective thermal conductivity of the surface material.

Twe small tab elements, which covered a portion of the slot region,
were brazed to the edge of the main instrumentation plate. The tabs and

the main plate were of identical material and of equal thickness. A single



thermocouple was installed in the center of the rear face of each tab.
Hollow pressure chambers were soldered to the sheltered face of the
instrumentation plate. The pressure taps were drilled (d = 0.020-inch)
through the plate into the chambers. A typlcal pressure tap installation
is shown in Figure 5.

IITI. EXPERIMENTAL STUDIES

A. Uniformity of Aprroach Flow

As the airflow enters the wind tunnel stagnation chamber, it under-
goes a sharp 90 degree turn (see Figures 2 and 3). The perforated plates
and the screen were installed to remove any resulting nonuniformities.

A 15-tube velocity survey rake, Figure 7, was fabricated to sense the

uniformity of the approaching flow velocity. The test ribbon assembly
™

YA

was moved downstream to the last window location. The velocity survey
rake was installed in the abandoned test plane. Runs were carried out
at upstream pressures of 10, and 74 psia. xThese pressures exceeded the
limits of available manometric instrumentation. A special manometer,
visible in Figure 2, was constructed using high pressure, translucent
plastic tubing. Water colored with food dye was used as manometer fluid.
The specific gravity of this combination, as measured by a hydrometer,
was C.999 at 77°F. A great deal of difficulty was encountered in
accurately measuring the differences in impact pressure. For example,

at a stagnolion pressure of 74 psia, a typical difference in impact

pressures was 1/4-inch of water (0.0l psia). The combined effects of

high pressure level (74 psia), low pressure difference (0.0l psia), short

This was necessary since the test ribbons provide the choking mechanism
required to establish a fixed value of the approach velocity.
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wind tunnel running time (30 to 50 seconds), and the various response
rates of the individual tubes of the rake, were such that, initially,

the manometer board was emptied of fluid on nearly every run. The
response problem was examined in bench tests in which the rake-manometer
combination was connected to a pressure manifold to which a 100 psia test
pressure could be suddenly applied. Satisfactory pressure readings were
obtained by measuring the pressure differences between tubes of nearly
equal response rates.

The approach flow velocity distribution data are summarized in
Figure 8. All velocities are within one percent of the centerline velocity
with the exception of the four points taken near the nozzle walls. These
latter points all yield low indicated velocities which are undoubtedly due
to the nozzle boundary layers. The average ;pproach velocity was found to
be 13/ feet per second. The uniformity of the approach flow seemed to be
within tolerable limits.

B. Ribbon Pressure Ratios

The pressure ratios applied across the ribbon elements are presented

in Figures 9 and 10 as a function of the slot sonic Reynolds number Re;.

This quantity is defined as (12)

s p*a*D p* .| i st
R = . — ¥ RT D

3/2 8
2.2700% x 107

T* + 198.6

it

or

Re; 5.5 x 10 P, (psia) (L)

for a stag-.eiion temperature of 70°F and a ribbon width of 2.l-inches.

The operating range of the wind tunnel, as determined by a useful running

11



time ol 30 seconds, i Pl 20 - 1L0 poia, Two downstream proessurces werce
measured for rcference.  The first, 12, is the pressurc measured ab the

downstream stagnation point of the ribbon. The socond,Pe as measurcd

xit? W
using 4 wall static pressure tap installed in the centerline of the last

window Tovatin seae Pipura 3). b .
n ( mghre 2 exit

shonld correspond to the pressure
p measured properly on an actual parachute. This occurs several ribbon
widths downstream ol a ribbon element.

vince the wind tumnel discharges into the atmosphere, at low {low
rates Fooiy is nearly atmospheric. A sonic or critical pressurc ratio
is approximately 2. Only the first two points on the left side of iigurc
Y are subcritical., ALl others are supercritical. This point is clear in
Figure 10. A comparison of Figures 0, 9, and 10 is quite informalive.
The critical condition occurs between photo b and photo ¢ of Figure 6.
The Jjets from the twe slots diverge as the upstrean pressure (and the
pressure ratio) 1s increased. The two diverging jebts merl at an ROE of
approrimately 3.5 million. No further jel expansion is possible since
the Jet flow completely fills the chanr sl downstream of the ribbons.
Therefore the pattern becomes stable; i.co., insensitive to further
increasce in the upstream pressurc Pl. The pressure ratio Pl/Pexit
remains constant. The ribbon porosity, open-to-total area, is 20.5
percent. This preduces a geometric aren rabio ol 4.88, lxpanding one=
dimensicnally, this generates a downstream Mach number of 3.15, and a
stagnation-lo-static pressure rotio of 46. Actually, the sheur layers
ceeupy o porbtion of the flow ares downstream of the ribbons. 'The
measured pressure ratio, rl/chit’ is 26, which yiclds an average down—

chreqm oeh number of 2078,
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At low RLD, the discrepancy belween l2 and lcxit in a base flow

phenomenon. Consider the vertical dashed lines in Fipgurcs 9 and 10 ol
3 4

RGD = 3.3 x 107 (photo ¢ of ligure 6). The jet Ilew expands Lo a Mich

number of approximalely 2.5 and Lhen undergoes a shock rccomprcssion*

to Pexit' According to ligure 9, PZ/PoxiL = 2.8/12 = 0.23. The prodiclod

value, according to the base pressurce theory of Korst (4), is 0.24.

At large values of Rep, the jets completely 1111 the duct, the [lows
are parallel and exhibit the conventional shock diamond pattern. Apparently
this pattern continuecs [or some distance down the duct. Beyond RCB =X

6 3 = kS >
10°, Pexit is less than 12.

One important conclusion to be drawn from Figure 10 is Lhat the %
ribbon pressure ratio is constant at a value of approximately 26 (depcnding
on the definition) for slot sonic Reynolds numbers greater than 4 x 106.
This result applies to the case of atmosphcric discharge. In another scrics
of" tests, Pexit was inereased from subatmoupheric values to propressively

larger values by covering the cxhaust flange with stacked layers of perfor—

p Was varied from 5 to 26 at a single

] e R T 3 )
ated plates. In this manner, ll/lOxi

RGB of 6.3 x 106. These latter studies will be discussed in Section D2 (b).
Referring agoin to Figures Y and 10, it is necessary to point out

kD

that the pressure ratio remains fixed for Hcﬁ > L x 106. Any heal transfer
trends which occur at RGE)’L x 100 are truly duc to Heynolds number and
not duec to pressurc ratlio.

The phenomena observed in IMigurces 6, 9, and 10 will occur on actual
ribbon parachutes. The Reynolds rumbers al which Lhe several cevents would

;

ovcur arc nol ncecessarily relaled to the presentb values of HQS‘

The shock is o normal shouk in phobo ¢ of Iipure 6. This quickly roverts
to thoe weak shock systom shown in photo f.
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C. Ribbon Hurluace Pressure Distribution

The front surface and rearward surface wall static pressurc
distributions were obtained using the stalic pressure taps visible in
Figure 5. 'The results, plotted in Figurc 11, present a local pressurc
at location x divided by the stagnalion pressure, at location x = O.

R is one-hall of the slat heighl. Notice thal the pressures were
measurad along two vertical lines - alternate points belong to different
spanwise stations. The data was taken at small values of x/R in view of
the anticipaled correlation of results with slagnation flows.

The point x = 0 repvesents the geomelric centerline of the ribbon.
For supercritical pressure ratios, the pressures along both the front
and back surfaces reach maximum values near the geoometric centerline”.
I'ressures along the front surface wrc considerably more uniform than
those along the rear surface**.

The actual location of the stagnation point was obtained from large
scale plots of the pressurce distributions. This data is summarized in
Figure 12. The apparent stagnotion point nearly always f'ell below the
goometric centerline for both the upstrecam and downstream surfaces.  The
average dicplacement (0.06~inch) is not large when onc considers the
internal diamcteor of a pressure tap is approximately 0.03-inch. It was

not possible to move the apparent slagnation point closer to the geometric

The single cxception occurrn along the rear lace at a suberitical pressure
ratio. 'lhe application of « stagnabion point medel to the rear surfacc
does not. apply at suberitienl pressure ratios.
o
The ribbons were of finite bthickness. The static pressure taps ingtalled
in the center of the slot width indicated local Mach rumber:s well in
excoess of one.  This dmplies that the conic line lics near Lhe upshrenn
face of Lhe ribbon. A typical value iu p /p = 0422 when Py 105
slot/ 71 1

v

pein, RPB = 8.5 x 100,

“|.




centerline by a simple rotation of the ribbon. Apparently this slight
flow abnormality is o property of the facility.

By assuming that the mensured pressures arc constant across Lhe
thickness of the boundary layer, and that the flow outside of the boundary
layer expands isentropically from pstag Lo py the local velecitics Jjush
outside of the boundary laycr may be determined. this data is prescented
in Figure 13. Of primary importance in this figure iy the fact that both
the upstream and downstream velocities grow lincarly with distance from
the stagnation point. 'This phenomena iy characteristic of stagnation 1'lows
and is a familiar result for the upstream surfacc, Iigurce 13 presents Lhe
strongest evidence for considering the flow adjacent to the downstream
surface as a stagnation flow = recalling thoat this occurs only when super-

critical pressure ratios are involved.

Since the velocities outside of the boundary laycer grow linearly with

distance, the velocity gradient may be computed. These results are presented

p2s

3 -
in TFigure 14 . Two values are given atbt cach ReD for both the forward and

rearward surfaces. The asymmetry botwecen the upper and lower values is

undoubtedly due to the stagnulion point shifts summarized in Figure 12.

The upstream surface velocity gradient 1o independent of Reynolds

number for supercrilbical pressure ratios. UVor the fully developed jet
6
)

E
{lows (ReDN L x 107) vhe downstream surface velocilby gradicent deereascs

O

wilh leynolds number. Over Lhe narrow rangre 3.5 x.lﬁoeg Rdgg 8.5 x 107,

dUB_—-‘ v -1/2 ~L/2
d ¢ = T " congtant, Loy = constant, (Py) (5)

A

B0y
—

Actually the squarce roobl of Lhe velocily gradient, 1o plolled since Lhis
quantiby ia of lmportance in stapgnalion point hoal Liastfor eolonlalion::.
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The: measured upstream surface stagnation point velocity gradients
may be compiceed with analytical predictions. [For flow over blunt hodios,
the firet term of the Taylor series expansion for the surface velocity
is the linear relation

Ug = Cx, (6)
where C iy the locnl velocity gradient-external to the boundary layer.
For reference, the stignation point velocity pgradient is expressed by

3 UL
c= L= (1)

re———

R
where U&)is the subsonic velocity approaching the body and R is the body
radius. p is & constunt depending on body geometry. The Lollowing table

11lustrates o few numerical values oi’p.

Geometry B Reference
Circular Cylinder 2 13
Sphere 3/2 13

Using an approach velocity of 134 fecl per second, a body rading of 1.05
12
Teet, and a } of 2 yields

! —
U . . 1/
{C o JIR (v - ’g,?_]? O('lié) = hh goc 1/2,
1.0
12

a value which is 24 pereent larger than the mensured value.

Methods for predicbing the maximaum recirculation wone voeloctity
(Ub for the rear face) are being developed. For the preosent oxperimental

conditions, roference (7) gives

1] 0 .
. b i) |
21— — Lan ¢ -
U ) ( by )U 2 ()




where
Uh 15 the mean recirculation velocity

U; is the mean jeb velocity dewnstream of the slot at the maximum jet
© width = 2000 {t/sec

Py 1s the mean recirculation zone density

f)- T U imn ‘
pi s the mean jot density corvesponding to Uz, Jo b Ly . Loy

Ty Ty T
v e

g isgbhe job mixing layer sproading factor, 20 ~ | fmy)

a is the jet expangion half-angle, tan a = 0.2

Substituting these values into liquation 3.0 yields

U, = 280 f'eet per second

1/ (2)(280) = 81 nee—1/2
L 0,

r

D. leal Transfer Measurements

L. Torward-Iacing Surlaca

(a) Recovery Temperature Distribution

The 30-50 socond wind tumnel running time did not permit a
sbandard "run-to-recovery" which normally requires 30 to Ij minutes.
Extrapolation techniques had to bo adopted. I'wo tunnel rung were mado
to [ind tho one thormocouplo ol vhe seven dngtballed in the staymation
temporature rake which responded closest to the averapo of tho deveil.
I'our 1ung werae than made to dobtormine the distribution of recovory

temperatures. IFFor those mangs the model was allowed Lo reapond thermally




and Lo approach the sdiabatic condition. 'The indicatced model temperatures

Ti and tunnel Lotal temperaturces To were measured as a funclion of time.

The extrapolalions Lo zero heal bransfer were made by plotbing Ti/To Versus
1/« and examining the curve for the limit as v dnercases.  The extrapolations
never involved a temperaiurc change of more than 2°1 I'rom the last measurcd
value. The upstream surtace recovery temperaturce ratios are given in Fipure

15. At the stagnation point, x/R = 0, the recovery temperaturce should equal

Lhe freestrean total temporature al these Jow Lompuraturce levels. Thio is
nolb always the case (viec IFigure 15, x/R = 0), a phenomena undoubtedly duc

to thermal conduction in the curface of the model. A once porcent change in
Ti/To correusponds to a 5./, degree Pahrenheit chanpe in the indieated recovery
temperature.  The relatively low recovery temperaturcs in Lhe slot rellect
the Jnrge velocities that exist there. It is importand to note that the
equilibrium temperatures in the slot arce lower than al, the stagnation point.

The gteady state operational temperaturce of o parachute 15 determined by the

conditions at the stugnation point and not al bhe slot™.

(L) Heat Tranusfer Runo

The genceral heat transfor experimental technique is described

in delall in Appendix A.  The technique consistoed of precooliny the model

by pocking dry dce around the ribbons and waiting for 10 to 15 minmites

untll the surface temperature was =108 119K, The tunncl was startod rapidly

In Seetion 2, the discussion of Iipgure 28 points out that the heat Lransfoer
coolliclents in the slob are 6 or Y/ time:s thosce ot Lhe stagnation point.
Thevelore, treanslenl operationnd lomperaturcs are determined Ly conditions
in _the olol.




(in less than 1 second aller Lhe inilialion of the valve actuntor*). The
dry ilce was blasted off by the alr stream. The model heated up under Lhe
direct action of both forced convection and the heat capuneity of the instru-
mented skin of the model. lleat transfer coefficienls were caleulated for
several times uwsing Iiguation A=14 of Appendix A. The heat transfer
coefTicients were extrapolated to zero time (o uniform wall temperaturoe
condition) ignoring data taken in the first 1-1/2 seconds.  Model thormal
sommetry was verified such that only onckhalf of the central ribbon wis
extensively studied. The stagnation point shif'ts, observed by mecans of

the surface pressure distributions, were also clear in Lumperaturce digtrib-
ution plots made al several Lime conditions. The reader is apgain refcrred
to Appendix A whore o somple run is illustrated and the various sbeps in
the data reduction process are illustrated.

The dimensionnl upstream stagnation point heal transfoer cocefficionts
arce presented in igurce 16. The data wes taken Llor Reynolds numbers as
high as ten times those proviously obtained (107). The heat transter
coefficients Inercage with nearly the one=half power of the Reynolds number,
o sltuation typical of laminar stagnation point boundary layerc. ‘The

scatter In the datae ls approximately Lo percent.. The heal btransfer and

Muring the perliod after the upstremm phyt valve beging Lo open, Lhore s

a rapid compression of the alr in ihe stoygnalion chamber which lasts about

1 sccond. The indicated stapgnation Lemperature, as indicated by seven
shiclded 36~gaupge iron-constantan thermocouples, rises charply. Alfler an
indicated temperaturce risc of nearly L0001k, the lLemperalure droppod to within
a few degrees ol room temperature and then docreased al o rabe dependingg on
the rate that mase was removed {rom Lhe sborage tanks. The indtial Lransients
(valve opening Lime, comprestion in the stagnation chamber, dowhsbronm
presource decrcase Lo the desired subalumospheric level) were elearly visible
in bhe data trances snd were completod in =12 seconds (with Lhe cxeeplion
of Lhe aloranentioncd slapnation Lemperalure drop).




and pressure data at the upstream stagnation point are combined in a

dimensionless group in Figure 17. The parameter

hx h

Mo, _ K _ K
VR CER
How B ¢

is equal to 0.49 (13) for a laminar two-dimensional, stagnation point for

(9)

a wall-to-stream temperature ratio of 0.7. Since the data was extrapolated
to time T = 0, the dry ice temperature was used in evaluating the gas
properties kws 8'w’ and p. The density and velocity gradients were obtained
from the precsure measurements, Figures 9 and 14, respectively.

The data agrees with stagnation point predictions for low Reynclds
numbers (1 x 10 < Regfé rXx 106). At higher Reynolds numbers the data
falls 20-30 percent above the two-dimensional laminar stagnation point
boundary layer analysis of Reshotko and Coheh (13). Tne applied pressure
ratio increases with Reg in Figure 17. The flagged points in Figure 17
represent data taken at Reg = 6.3 x lO6 at several applied pressure ratios
(also see Figure 27). As mentioned in Figure 3, for these tests with
increased downstream pressure, a stacked set of perforated plates covered
the exhaust opening. The downstream pressure, Pexits Was varied by changing
the overlay of the perforated plates. The flagged points represent forward
surface heat transfer measurements taken over a range of pl/'pexit of 5 to és.

The local distribution of heat transfer coefficients on the upstream
side is presented in Figure 18. For easy reference, the local values were
non~dimensionalized using the stagnation point values given in Figure 16.
This was done in view of the overall aim of correlating all results with the

stagnation point heat transfer which may be predicted with precision.

20



The data of Figure 18 has been corrected for stagnation point shift such
that x represents the actual distance from the stagnation point and R,
the distance from the true stagnation point to the slot. Some typical
faired curves demonstrate that the local distributions are not universal
but are strongly dependent on Reynolds number. Local heat transfer
increases rapidly away from the stagnation point. Local heat transfer
coefficients were observed which were eight times the stagnation point
value. Further attempts to correlate local heat transfer coefficients
with stagnation point values were abandoned at this point because of the
uncertainties involved in the distributions. The curve labeled Re; = 0.99
x 106 in Figure 18 represents a subcritical pressure ratio. This distribu-
tion agrees well with comparable subcritical measurements reported in
reference (2). Higher Reynolds number distriﬁutions generally yield higher
local values relative to the stagnation point level;//f

The average upstream surface heat traﬁsfér cééfficients are presented
in Figure 19. This data was obtained by numerical integration of the local
distributions illustrated in Figure 18. Notice that the average heat
transfer coefficients increase linearly with Reynolds number. This is to

be compared with the normal laminar square root dependence.

In Figure 20, the average Nussell numbers, defined as

Nu = _3vVg (10)

are plotted for the upstream side. The characteristic length in both
Nussell and Reynolds numbers is the width of the ribbon. The character-
istic velocity in the Reynolds number is the velocity in the slot. This

enables a comparison of present heat transfer data with previous ribbon
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praniehute data (2) and data obtadned on tube banks where il io cushomary
Lo base the Reynolds munber on the tube diameter and on the velocily in
the narrowesl cross seetion (14).

The suberitical data ol Ieference (2) i presenbed in Figurce 20 to
Idlustrate the overall Ieynolds mumber dependence™.  The incrense of Lhe
slope of the curve with higher Reynolds numbers, f4rsh obscrved here in
Figure 1/, has been observed by other investigators on cirenlar eylinders

and tube bundles (14, 15).

2. Rearward Facing Surflice

(a) lecovery Temperaturce Distribution

The recovery temperaturce data is sunmarized in Mgure 21, The

sharp rise in recovery temperaturce at fel s 2.5 x 100 may be correlated with

[@dibrd

the cutablishment of a completely supersonic jel flow downstream of the slots

W
e . . , )
(see Pigure 6). The primary: variation of the recovery Lomperature ratio,

1, /Ty Lo with pressure ratio and nol Reynolds mmber. For Rebse L x 100
aw/ to D
Lhe conslancy of ’l‘.'LW/TO reflocts the eonstaney of pressurce ralio (seo

Pigure 10).

The solid symbols in Figurce 20 represent data taken in two diffecrent Lest
facilitices and using different experimental techniques. The spreement

betweon the three experiments is renssuring.

RIS

AL Jow subsonic Reynolds numbers o vorlex system is formed in the wakes
behind obstacles. The pheanomena i characterized by periodic vortex

shedding. A suppression of the vortex sheet has been accomplished by a
splitter plate which dinercasces Lhe Uamperature recovery factor » ¢ (7T

- g )/(1L, - ) from 0.1 to 0.8-0.9 (16). At iransonic aw! aw

supersonle speeds where the vortex shecel disappears, the recovery factors
arce again 0.8-0.9.  Shadowgraph obuervations ol Lhe supersonic ense reveal
a slable vortex pattern with no shedding.  The expansion=shock pabtern

sbabilises the flow pattern according Lo the laws of Forbidden sipgnals.




(b) Heat Transler Rung

The heat transfer coelficlents measured ot the downstroeanm
stagnation point sre presented in Pigure 22. A comparicon of Fipures
16 and 22 reveals that the downstream stapgnation point hesl transter
rates cxcced the upstream stagnation point values {or RQE <6 x lUb.
This is rather surprising when one conciders Lhe downstream density is

S

considerably smaller. The initiol decreasc in hwtwp with Rey, is probuably

due to the density decreasc (Figurce 9). fhe sharp rise in the raype 2 x

>

e

106£§1u: £ 6 x iUG mipght possibly result from the incrensced recirculation

)

velocitics (7). The fractim of the shear layer flow which 1s reversed
decreases sliphtly as bhe pressure ratlo (nnd the jet Mach number) is
increased, Since the density in the recirevlalion zone decroises, inerensed
recirculation zone velocitics are required. IFgualion 3.5 rolates o sbagna-
tion point velocity gradient to an approach veloeity. On the obher hand,
the velocity gradient measurcements on Lhe rearward facing surface (see
Figure 14) exhibit a decrense in magnitude as RUS 1s increasced. Thercefore,
both the density and the veloclily gradiceut e decreasing with incroeasing
Roﬁ while the heat transfer cocflicient is increasing.  These behavior
patterns are not typical of ordinary stagnation [lows.

The apparent.ly sharp discontinuity in the resulls ol Rui ~
6 x,106 is not understood ol the present time.  No discontinuou: process
is observable in any of the photographs or graphs at this point.  ‘The
downstream stngnation point heat brancifer dala are compnred with bwo-
dimensional laminar stapnalion poinl analyses in Figure 23.  The veloclilby

gradient and denalily were oblained from Figures 9 and 1. Addilional

experimental reosu' Lo arce procented for the condilion of elevaled exhaust




prevsures.  The resullc are not in complele aprecment; oilher with coch
olther or with laminar stiymation point analysia., A few of Lhe points
compare well with analysis while the rest do not. Two possible explina-
toong are the increased turbulence level of Lhe recirceulating flow at high

Rcb und/or Lhat the recirculating flow pulsates between several pallerns.

The distributions of heat transter coefflicients on the downstream
sidc arc given in Figurc 24. The average or inleprated values are prescnted
in Figurc 25. The combination of ctfects produce an average heab transier
coelficlent which is independent of Reynolds number. The abnormalitics in
the stagnation point heat transfer variations with RCE arce masked. This
fact, coupled with the complex distributions given in IMipurc 2/, make it
difficult to compare the behavior of the average and stagnation point heat
transfer coefficients. A com wison of Figures 1Y and 25 reveals Lhat Lhe
downstream average heat transfer cocfficients fall well below thie corrcu=
ponding upstrean awverage values.  This point is pursucd in Pigu. . 206.
IFaired curves through the upstream and downslrceaum average heal transfer
coelficients are given over o wide Reynolds number range. AL low Reynolds
numbers the heoo tranctcr on the front side is preater than that on the

back side. With incrcusing lleynolds number Lhe heat [flux to the back side

incereagses more rapldly and [or Hoﬁ - 50,000 it i as high as on the front
slde - and even higher as Rcﬁ is increased further. 'This 1s o behavior
pattern which aprees quantitatively with tubes and Lube bundles in cross
low (16).

The present data continue the trends deseribed above for swbscritical
proscure ruhios*. However, [or critical pressure ratios, the downstream
hent Lrancler beecomes progressively less than the upstream. T the

stagnation polnl sanadogy is valid, the ratio of upstream Lo downsbrean

The preocoure patlos for Lhe lwo loweot Reynolds nambier point: or the
procent vrpepiment are cuberitical.

2




average heat transler lux should vary directly wiln the squarce rool of
the density ratio or approximntely with (pl/pz)l/é. As an example choose
He; = 8 x 100, jrom I'igure 10, (pl/pz)l/bﬁiﬁ- From Figures 19 and 25,
hU?/hdown - 375/]202{5. Thus the proper pressurc ratio trend is observed.
The problems are not completely understood, however. A summary of

6

data taken at ROE = 6.3 ¥ 107, wilh several exit pressurcs, is plven in
Figure 27. The upstream pressurc is held constant in this figurc while
the downstream pressure is variced. The pressure ratios are all osuper-
critical. The upstream heat transfer is csenusibly independeont of the
downstream exit pressure. However, Lhe downslream stagnation point hent
transfer coefficicent decrcases as Lhe exit pressure is increased. [From
Figurce 10 it can be concluded that Lhe variations in P

oxit did not affect

r,.

The final figure, Figure 28, proesents meacuremcnts off Lhe slot heat
transler coefficient taken with the instrumented surface facing forward
(bottom slot) and rearward (after rotilion on the top slot).

The data displays the slight asymmetry found in all measurements
and points oul that the extremc heal [lux rabes occur in the slot.
Undoubtedly the slot heating rates depend on the ribbon thickness or
thickness ratio. PFigures 15 and 28 summarize the slol heat transter
behavior as follows: (1)  the heal trancler coefficients in the slol arc
the largest observed on the ribbons :md, (2) the eguilibrium temperatures
in the uslot are the lowest obgerved on the ribbon.  Slot heal lransloer i

ol major importance in transienl problems,




|

Ixperiments have been performed on models representing the individual
ribbons of a ribbon parachute.  The recovery [lacltor and heatl transfer
coetlficient results obtained are valid in the continuum flow regime at
Prandtl number valucs of approximately O.7. These resulls extend the repgion

of available cxperimental heat brancler data on ribbon parachules bo include

ROB of B{OOO to 10,000,000, The average measured Nusscll numbers are
presented in Figure 26. It was found that the maximum local heat tronsfer
cocfficient exists ab Lhe edges of the ribbon. Algso the maximum local
vialues on both the upstream and downstream sides also occurred at the edges.
The central regions ol the upstream and downsblroam sides cxhibited behavior
similar to laminar stapgnation point boundary layers. The relative minimum
heat flux rotes occurrcd at the stagnation point for each surface-{low
orientation, Attcmpts to correlate the gross ribbon heat transfer character-
isties with the upstream stoapnatilon point heal Lransfer predictions were
only partially successiul.

Jorge differences in local heat trsnsfer behavior werce attributablce
to Lhe onsel of sonlce [low in the slots botween the ribbons. The applied
prossure vatio was demonstrated Lo affccl the ratio of averape upstream Lo

avernge downstiream heat transler coclfTicienls.
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(a) SIDE VIEW THROUGH WINDOW

(b) REAR VIEW LOOKING UPSTREAM

FIGURE 4, RIBBON PARACHUTE MODEL INSTALLED TN THE WwiMD TUNNEL
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FIGURE 6, SHADONGRAPH FHOTOGRAPIIS OF THE FLOW DOWNSTREAM OF THE 51 0TS
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FIGURE 9, VARIATION OF DOWNSTREAM PRESSURES WITH RIBBON REYNO! DS
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FIGURE 11, TYPICAL SURFACE PRESSURE OISTRIBUTIONS ON 1HE CENTER RIBBON
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